We study pseudo-Goldstone boson corrections to γγ → tt production rates in technicolor models with and without topcolor at the √ s = 0.5 and 1.5 TeV photon colliders. We find that, for reasonable ranges of the parameters, the corrections are large enough to be observable, and the corrections in models with topcolor are considerably larger than those in models without topcolor, and they are all significantly larger than the corresponding corrections in the minimal supersymmetric standard model (MSSM) with tan β ∼ 1. So that the two kinds of technicolor models and the MSSM with tan β ∼ 1 can be experimentally distinguished.
I. Introduction
The electroweak symmetry breaking (EWSB) mechanism remains an open question in spite of the success of the standard model (SM) compared with the new LEP precision measurement data. In the SM, elementary Higgs field is assumed to be in charge of the EWSB. So far the Higgs boson is not found, and theories with elementary scalar fields suffers from the problems of triviality, unnaturalness, etc. Therefore studying EWSB mechanisms other than the simple SM Higgs sector is one of the interesting topics in current particle theory. Technicolor (TC) theory [1] is an attractive idea of dynamical EWSB which avoids the shortcomings arising from elementary scalar fields, and it has been enlarged to the extended technicolor (ETC) theory [2] for giving masses not only to the weak gauge bosons but also to quarks and leptons. A series of improved ideas, such as walking technicolor (WTC) theory [3] [4], multiscale walking technicolor theory [5] , and topcolor-assisted technicolor (TOPCTC) theory [6] , have been proposed to overcome the phenomenological difficulties in the ETC theory, and these make the theory one of the important candidates of promising mechanisms for EWSB. It is thus interesting to study the effects of this kind of theory in various physical processes and see if they can be experimentally tested.
The recently discovered top quark is the heaviest particle yet experimentally found. Its mass, m t = 176 GeV [7] , is of the order of the EWSB scale v = ( √ 2G F ) −1/2 = 246 GeV.
This means that the top quark couples rather strongly to the EWSB sector so that the effects from new physics would be more apparent in processes with the top quark than with any other light quarks. Experimentally, it is possible to separately measure various production and decay form factors of the top quark at the level of a few percent [8] . Thus theoretical calculations of various corrections to the production and decay of the top quarks are of much interest.
Top quark pair can be produced at various high energy colliders. Of special interest is to examine the ability of the suggested future TeV energy photon colliders in probing the EWSB mechanism via tt production. This paper is devoted to this kind of study. There have been various studies of probing the EWSB mechanism via top quark pair productions at high energy colliders. For example, model-independent studies [9] , studies of the top quark pair production cross sections in photon collisions in the SM, the two-Higgs-doublet model, and the minimal supersymmetric SM (MSSM) [10] [11] , and the study of pseudo-Goldstone bosons (PGB's) contributions to the tt production cross sections at the Fermilab Tevatron and the CERN LHC in a topcolor-assisted multiscale technicolor model (TOPCMTC) [12] [13], etc. The results in Ref. [13] show that PGB's do give significant contributions to the tt production cross section. In this paper we study the PGB contributions to the γγ → tt cross section at the √ s = 0.5 and 1.5 TeV photon colliders in various technicolor models. We shall show that, for reasonable values of the paremeters in the models, the PGB contributions are quite large in models assisted by topcolor, and are considerably smaller in models without topcolor. All these cross sections are significantly larger than those in the MSSM for tan β ∼ 1 [11] . So that different models can be distinguished by the γγ → tt cross section measurement at the high energy photon colliders. At the √ s = 1.5 TeV photon collider, even the original TOPCTC model and the TOPCMTC model can be experimentally ditinguished.
This paper is organized as follows. In Sec.II, we take the Appelquist-Terning one-family WTC model [4] as a typical example of the reasonable TC models without assisted by topcolor, and present the results of the PGB contributions to the γγ → tt cross section at the √ s = 0.5 and 1.5 TeV photon colliders in this model. Sec.III contains the corresponding results of two typical TOPCTC models, namely the original TOPCTC model by Hill [6] and the TOPCMTC model [12] [13] . Conclusions are given in Sec.IV, and the analytic formulae for the form factors in the production amplitudes in terms of the well known standard notions of one-loop Feynman integrals [14] are presented in the APPENDIX.
II. tt production cross section in the one family WTC model
In this section, we take the Appelquist-Terning one-familty WTC model [4] in this model are mainly composed of technileptons L, so that they are irrelevant to the tt production). The decay constants of these PGB's is F Q = 140 GeV [4] . The masses of these PGB's are model dependent [4] . In Ref. [4] , the mass of Π α a is taken to be in the range 250 GeV < m α a < 500 GeV . We shall also take the mass of Π 0 a in the same range in our calculation.
The relevant Feynman diagrams for the corrections to the γγ → tt production amplitudes in the Appelquist-Terning model are shown in Fig.1 (a)-(n). The Feynman rules needed in the calculations can be found in Ref. [16] . For instance, the PGB-top (bottom)
In our calculation, we use dimensional regularization to regulate all the ultraviolet divergences in the virtual loop corrections and we adopt the on-mass-shell renormalization scheme. In that scheme, we need not consider the external top quark self energy diagrams.
The renormalized amplitude for γγ → tt contains
The explicit formulae for the form factors f 's are given in the APPENDIX.
The total cross section σ(s) of the production of tt in γγ collisions is obtained by folding the the elementary cross section σ(ŝ) for the subprocess γγ → tt with the photon luminosity at the e + e − colliders given in Ref. [17] , i.e.
where √ s( √ŝ ) is the e + e − (γγ) center-of -mass energy and dL γγ /dz is the photon luminosity defined as
For unpolarized initial electrons and laser beams, the energy spectrum of the back-scattered photon is given by [17] F γ/e (x) = 1 D(ξ)
with
where ξ = 4E e ω 0 /m 2 e in which m e and E e stand ,respectively, for the incident electron mass and energy, ω 0 stands for the laser-photon energy, x = ω/E e stands for the fraction of energy of the incident electron carried by the back-scattered photon. F γ/e (x) vanishes for x > x max = ω max /E e = ξ/(1 + ξ) . In order to avoid the creation of e + e − pairs by the interaction of the incident and backscattered photons, we require
For the choice ξ = 4.8 , we obtain
In the calculation of σ(ŝ), instead of calculating the square of the amplitude M ren analytically, we calculate the amplitudes numerically by using the method of Ref. [18] . This greatly simplifies our calculations. Care must be taken in the calculation of the form factors expressed in terms of the standard loop integrals defined in Ref. [14] . As has been discussed in Ref. [19] , the formulae for the form factors given in terms of the tensor loop integrals will be ill-defined when the scattering is forwards or backwards wherein the Gram determinants of some matrices vanish and thus their inverse do not exist. This problem can be solved by taking kinematic cuts on the pseudo-rapidity η and the transverse momentum p T . In this paper, we take
The cuts will also increase the relative correction [20] .
In our calculation, we take m t = 176 GeV, m b = 4.9 GeV, and we take α em (m 2 Z ) = 128.8
with the one-loop running formula to determine the electromagnetic fine structure constant α em at the desired scale. The result of the tree-level cross sections are σ 0 = 57.77 fb for √ s = 0.5 TeV and σ 0 = 535.4 fb for √ s = 1.5 TeV. To see the main feature of the PGB corrections to the cross section, we simply take
The values of ∆σ, the ratio ∆σ/σ 0 , and the total cross section σ = σ 0 +∆σ for 250 GeV ≤ m Πa ≤ 500 GeV are listed in Table I . We see that for √ s = 0.5 TeV, the relative correction ∆σ/σ 0 is of the order of ten percent which is about one order of magnitude larger than that in the MSSM with tan β ∼ 1 (which is about one percent) [11] . For √ s = 1.5 TeV, the relative corrections are around (4 − 10)% which is also larger than that in the MSSM with tan β ∼ 1.
For estimating the event rates, let us take an integrated luminosity of
which corresponds to a one year run at the NLC [21] . There will be about 2500 events for √ s = 0.5 TeV and 25000 events for √ s = 1.5 TeV according to the cross sections shown in For TOPCTC models, we first consider the original TOPCTC model proposed by Hill [6] .
In this model, there are 63 PGB's in the TC sector with the decay constant f Π = 120 GeV and three top-pions Π 0 t , Π ± t in the topcolor sector with the decay constant f Πt = 50 GeV ‡ We only give here an order of magnitude estimate considering only the statistical uncertainty. [6] . The top quark mass m t is mainly provided by the topcolor sector, while the TC sector only provide a small portion of it, say m ′ t ∼ 5 − 24 GeV [6] [22] . The mass of the top-pion depends on a parameter in the model [6] . For reasonable values of the parameter, m Πt is around 200 GeV [6] . In the following calculation, we would rather take a slightly larger range, 180 GeV ≤ m Πt ≤ 300 GeV, to see its effect, and we shall take the masses of the color-singlet PGB's in the TC sector to vary in the range 100 − 325 GeV.
The color-octet PGB-top (bottom) interactions are similar to eq.
The color-singlet PGB-top (bottom) interactions are [16] 
where c t = 1 √ 6 . The interactions between the top-pions and the top (bottom) quark are [16] [13]
The color-singlet PGB's and the top-pions can also couple to the two photons via triangle fermion loops. It has been shown in Ref. [23] that, at the relevant energy, the technifermion triangle loops can be approximately evaluated from the formulae for the Adler-Bell-Jackiw anomaly [24] with which the general form of the effective Π − B 1 -B 2 interaction (Π denotes the PGB's Π 0 , Π 3 , B 1 and B 2 are gauge fields) is [23] 1
where the factors S ΠB 1 B 2 for various cases are given in Refs. [23] and [25] . Note that the electromagnetic interaction violates SU(2) W symmetry, so that the Π 3 − γ − γ and the Π 0 t − γ − γ couplings do exist [23] . For example, from Ref. [23] , the S Π 0 γγ and S Π 3 γγ factors from the techniquark triangle loop are
For the top quark triangle loop, the simple ABJ anomaly approach is not sufficient since the top quark mass is only 176 GeV. Here we explicitly calculate the top quark triangle loop and obtain the following
where C 0 (p 4 , −p 4 − p 3 , m t , m t , m t ) is the standard 3-point Feynman integral [14] .
From the above couplings, we see that there are additional important schannel diagrams contributing to the tt production shown in Fig.1(o)-(p) . The top-pion s-channel contribution is quite large compared with those from Fig.1(a) Fig.1(o)-(p) . First of all, The Π (Π 0 or Π 3 ) propagator in Fig.1(o 
where √ŝ is the c.m. energy and Γ Π is the total width of the PGB Π which is important when √ŝ is close to m 2 Π (since m Πt ∼ 200 GeV which is well below the tt threshold, there is no need to include the width Γ Πt in the top-pion propagator). Similar to Ref. [13] , we can obtain the widths Γ Π 0 and Γ Π 3 which are
where
where [25] J
With eqs. (18)-(31), we finally get
where the form factor f s µν is given in the APPENDIX.
Let us first look at the contributions by different PGB's to the amplitude M (t,u,△) ren . From eq.(18) we see that, relative to the results in the last section, the color-octet PGB contributions to M (t,u,△) ren from Fig.1(a) -(n) is suppressed by a factor (
GeV, this factor is about 2% so that the color-octet PGB contributions are negligibly small in this model. From eqs. (19) and (18) we see that the color-singlet PGB contributions from Fig.1(a) -(n) is even smaller. For m ′ t = 20 GeV, the top-pion contributions to M (t,u) ren are not so small. The calculated results of ∆σ and ∆σ/σ 0 from the contribution of M (t,u) ren by the top-pions are listed in Table II . We see that these are slightly larger than those in Table I .
Numerical calculations show that the Π 0 and Π 3 contributions to the amplitude M (s) ren from Fig.1(o) -(p) are also negligiblly small, while the contribution from the top-pion Π 0 t to M (s) ren is quite large. Including this contribution, the final results of ∆σ and the total cross section σ = σ 0 + ∆σ are listed in Table III . We see that these values of ∆σ are considerably larger than those listed in Table I . Taking the integrated luminosity in eq. (17), we have around 1000 events for √ s = 0.5 TeV and around 40000 events for √ s = 1.5 TeV. The corresponding statistical uncertainties at the 95% C.L. are then 6% and 1%, respectively.
Thus this model is experimentally distinguishable from the Appelquist-Terning model and the MSSM with tan β ∼ 1 in γγ → tt.
The TOPCMTC Model [12] [13]
This model is different from the original TOPCTC model [6] mainly by the change of the TC sector in which f Π = 40 GeV instead of the original f Π = 120 GeV, and [12] 
Thus, relative to the results in the last section, the suppression factor ( Table IV . For √ s = 0.5 TeV, we see that the values of ∆σ is slightly larger than those in Table III but Table IV are much larger than those   in Table III , especially with large m ′ t . To understand the reasons for such a difference, let us notice that the main difference between these two topcolor assisted TC models comes from the contributions of the PGB's Π 0 and Π 3 in the TC sector. There are three factors in eq. (11) affecting this issue: (a) in σ(ŝ), Π 0 and Π 3 contributions are important at large √ŝ = m tt (cf. Fig.2) ; (b) the available range of √ŝ is determined by min{ √ŝ } = 2m t = 352 GeV and max{ √ŝ } = x max √ s = 0.83 √ s (cf. eq. (15)), so that max{ √ŝ } is s-dependent; (c) the γγ luminosity dLγγ dz decreases rapidly in the vicinity of the max{ √ŝ } cf. eq. (12)) [26] which gives rise to a suppression of the large √ŝ contributions to σ(s). (a)) and the γγ luminosity suppression effect (c) is less significant in this wide range.
Next we look at the total cross section σ(s). Take the case of m Πt = 180 GeV and m Π = 100 GeV as an example. The relative difference between the cross sections in the two tables for m ′ t = 5 GeV is about 6%, and for m ′ t = 20 GeV is about 15% for √ s = 0.5 TeV and 17% for √ s = 1.5 TeV. These are not so significant as the differences between the values of ∆σ. To see the observability of the difference, we look at the statistical uncertainties.
Taking the integrated luminosity in eq. (17), we have 750 − 2000 events for √ s = 0.5 TeV and 30000 − 40000 events for √ s = 1.5 TeV according to the values of σ given in Table   IV . The statisical uncertainties at the 95% C.L. are thus (4 − 7)% for √ s = 0.5 TeV and around 1% for √ s = 1.5 TeV. From this statistics, we first conclude that this model can be clearly distinguished from the Appelquist-Terning model and the MSSM with tan β ∼ 1 in the γγ → tt experiments. Then we consider the relative differnce of σ between these two topcolor assisted models, we see that the 6% differnce in the case of m ′ t = 5 GeV can be easily observed at the √ s = 1.5 TeV collider, but is hard to be observed at the √ s = 0.5 TeV collider. In the case of m ′ t = 20 GeV, the 15% and 17% differences at √ s = 0.5 TeV and 1.5 TeV can all be experimentally observed. Thus even the difference between the original TOPCTC model and the TOPCMTC model can be clearly observed in the γγ → tt experiment at the √ s = 1.5 TeV photon collider.
IV. Conclusions
In this paper, we have studied the possibility of testing different technicolor models in the γγ → tt experiments at the √ s = 0.5 TeV and √ s = 1.5 TeV photon colliders in the sense of the statistical uncertainty. Our calculation shows that (i) corrections to the tt production cross sections in reasonable technicolor models without assited by topcolor are large enough to be observed, and are larger than those in the MSSM with tan β ∼ 1, so that these two kinds of models are experimentally distinguishable;
(ii) corrections to the tt production cross sections in topcolor assited technicolor models are much larger than those in models without topcolor, and this kind of model can be clearly distinguished from models without topcolor and MSSM with tan β ∼ 1 in the γγ → tt experiments.
(iii) it is even possible to distinguish the TOPCMTC model from the original TOPCTC model in the γγ → tt experiment at the √ s = 1.5 TeV photon collider, while these two models can be distinguished at the √ s = 0.5 TeV photon collider only if the parameter m ′ t is as large as 20 GeV.
We thus conclude that the γγ → tt experiments at the future photon colliders are really interesting in probing the electroweak symmetry breaking mechanism. Committee.
APPENDIX:
The renormalization constants are
where B 0 , B 1 (t, m ′ k , m k ) are 2-point Feynman integrals [14] , the superscripts (b), (c) indicate the labels in Fig.1 .
f Table II . Top-pion contributions from Fig.1(a) -(n) to the γγ → tt production cross section ∆σ, the relative correction ∆σ/σ 0 and the total production cross section σ = σ 0 +∆σ in the original TOPCTC model ( √ s = 0.5 TeV). Table III . Total PGB and top-pion contributions from Fig.1(a) 
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